Delafossite CuFeO2 belongs to multiferroic class of materials. In this work, copper ferrite was prepared by mechanical activation with subsequent thermal treatment. X-ray diffraction and Mössbauer spectroscopy were used as complementary methods to study the structure and hyperfine interactions of the material. As proved by X-ray diffraction, CuFeO2 compound was obtained with relatively low amount of secondary phases like CuO and CuFe2O4. The Mössbauer spectroscopy revealed paramagnetic character of the compound at room temperature. The purest delafossite CuFeO2 was obtained by mechanical activation of pre-milled precursors and sintering at 1173 K. The temperature of thermal treatment is lower by 100 K as compared to the traditional solid-state synthesis.
Introduction
Delafossites with ABO 2 structure are relatively good recognized group of materials. They have specific applications as transparent semiconducting oxides, catalysts, luminescent materials, p-type semiconductors used in solar cells, etc., [1] [2] [3] . Many of delafossites are also multiferroics which increases the interest and efforts of researchers to find efficient methods of producing pure compounds. Delafossites have characteristic layered structure originally observed for the mineral CuFeO 2 discovered in Siberia in 1873 [4] . One layer consists of the closepacked monovalent Cu ions and the other one is formed by edge-shared Fe 3 O 6 octahedra with iron cations inside [5, 6] . The delafossite structure can form two polytypes depending on the orientation of layers in stacking, i.e., the rhombohedral 3R type (space group R¡3m) and the hexagonal 2H type (space group P 6 3 {mmc) [6, 7] .
Delafossite compounds are difficult to prepare without any special conditions. In the case of CuFeO 2 this is connected with valence state of Cu ions, for which more favorable is the +2 state than +1. Hence, the successful synthesis of copper ferrite requires strict control of the valence state. Another problem is when the reaction is carried out in air, which favorably leads to form CuFe 2 O 4 compound with the spinel-type crystalline structure. If reaction of Cu 2 O and Fe 2 O 3 is provided under nitrogen conditions, the pure copper delafossite phase is formed [8] . Until now, only high-temperature and ambient gas atmosphere methods have been developed for obtaining high quality samples. However, according to the recent report [9] , it is possible using low-temperature * corresponding author; e-mail: e.jartych@pollub.pl hydrothermal synthesis for preparation a pure CuFeO 2 delafossite.
In the present work, another method is proposed for synthesis of CuFeO 2 compound, namely mechanical activation (MA). In the MA technology, the mixture of the constituent oxides is placed into the vial of ball mill. However, the milling process itself is often not sufficient to produce the desired compound and requires additional thermal treatment [10] [11] [12] . The aim of this work was: (1) to synthesize CuFeO 2 by MA technology and (2) to characterize the structure and hyperfine interactions of the compound after MA process as well as after heat treatment. X-ray diffraction (XRD) and Mössbauer spectroscopy (MS) were applied as complementary methods to study the structure and magnetic properties of the obtained delafossite.
2. Experiment Two series of samples were synthesized by mechanical activation method and thermal treatment using Fe 2 O 3 and Cu 2 O as constituent oxides (both purity ¡ 99.9%).
A high-energy ball mill Fritsch Pulverisette P5 type with stainless steel balls of 10 mm diameter and 10:1 ball-topowder weight ratio was used. In the first series (MA I), oxides mixed in suitable proportions were milled in a nitrogen atmosphere for up to 50 h. In the second one (MA II), oxides were firstly milled separately for 5 h in air, then mixed in the appropriate proportions and milled together in air for up to 50 h. From both sets, the samples for measurements were picked after 2, 5, 10, 20 and 50 h of milling. The final products of MA I and MA II were heated from room temperature up to 993 K in a calorimeter Perkin Elmer DSC 7 under an argon atmosphere with a rate of 20 K per min. Another process of thermal treatment based on cold-pressing of final powder and pressureless sintering under a nitrogen for 10 h at 1173 K.
XRD measurements were performed using a Philips PW 1830 diffractometer working in a continuous scanning mode with CuK α radiation. X'Pert HighScore Plus computer program was used to phase analysis and determination of structural parameters. Room-temperature Mössbauer spectra were registered in a transmission geometry by means of a constant-acceleration POLON spectrometer of standard design. The 14.4 keV gamma rays were provided by a source of 57 Co in a rhodium matrix. The spectrometer was calibrated using α-Fe foil. The isomer shifts for all the samples were determined in relation to α-Fe at room temperature.
Results and discussion
XRD and MS techniques allowed us to monitor the process of delafossite CuFeO 2 formation. In the XRD patterns recorded after individual milling stages only systematic broadening of diffraction peaks may be observed (Fig. 1 presents the All Mössbauer spectra registered for the samples mechanically activated during 2-50 h consisted mainly of sextet originating from hematite and weak doublet in the central part of the spectrum (Fig. 2 presents Thus, the doublet in MS spectra may be treated as due to a new delafossite phase.
As shown, after mechanical activation for up to 50 h delafossite CuFeO 2 phase may start to be formed; however, heat treatment is needed to complete the reaction. Fig. 3 presents comparison of XRD patterns for the samples after 50 h MA and thermal treatment for both series. Already the process of gradual heating up to 993 K allowed the formation of delafossite; however, with some amount of non-reacted or new-formed oxides. After sintering at elevated temperature delafossite CuFeO 2 is clearly visible as the main phase.
Analysis of XRD patterns was carried out under an assumption of rhombohedral lattice (R ¡ 3m space group).
The lattice parameters determined for the main CuFeO 2 phase as well as its content A estimated from the area of diffraction peaks are presented in Table I . The obtained values of a and c parameters are in good agreement with data published in [14] . Mössbauer spectra for the samples after MA process and thermal treatment are shown in Fig. 4 . It may be noted that all the spectra are a superposition of sextet and doublet, excluding the spectrum for the sintered sample of MA II series. The doublet confirms that a paramagnetic CuFeO 2 compound was formed during heat treatment. Hyperfine interactions parameters for the doublet determined by numerical fitting of the MS spectra are listed in Table II . The obtained values highly correspond with data reported for CuFeO 2 delafossite obtained by solidstate reaction [13, 15] or hydrothermal synthesis [9] . The isomer shifts are typical of trivalent iron located in an octahedral site.
It may be added that the fuzzy sextet observed for the sintered sample of MA I series (Fig. 4a) (B hf 50.0 and 47.1 T) [16] . This confirms results of phase analysis, when in XRD pattern (Fig. 3a) this compound was recognized as a secondary phase. However, this result is not consistent with literature data according to what spinel CuFe 2 O 4 should not create during synthesis under nitrogen atmosphere.
Conclusions
It was shown that delafossite CuFeO 2 may be prepared by mechanical activation with subsequent thermal treatment. Both XRD and MS techniques allowed monitoring of technological process and obtaining the information about structure and magnetic properties of the material. The purest CuFeO 2 phase was obtained by mechanical activation of preliminary milled precursors what may enhance the mutual diffusion of the component oxides. To complete solid state reaction and obtain pure delafossite CuFeO 2 heat treatment is necessary; however, tempera-ture of sintering may be lower as compared with conventional technology. Improving the method of preparation and elimination of un-reacted oxides and/or secondary phases will be the subject of further research.
